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Multi-component dark matter particles may have a more intricate direct detection signal than
simple elastic scattering on nuclei. In a broad class of well-motivated models the inelastic excitation
of dark matter particles is followed by de-excitation via γ-decay. In experiments with fine energy
resolution, such as many 0ν2β decay experiments, this motivates a highly model-independent search
for the sidereal daily modulation of an unexpected γ line. Such a signal arises from two-step WIMP
interaction: the WIMP is first excited in the lead shielding and subsequently decays back to the
ground state via the emission of a monochromatic γ within the detector volume. We explore this idea
in detail by considering the model of magnetic inelastic WIMPs, and take a sequence of CUORE-type
detectors as an example. We find that under reasonable assumptions about detector performance
it is possible to efficiently explore mass splittings of up to few hundreds of keV for a WIMP of
weak-scale mass and transitional magnetic moments. The modulation can be cheaply and easily
enhanced by the presence of additional asymmetric lead shielding. We devise a toy simulation to
show that a specially designed asymmetric shielding may result in up to 30% diurnal modulations
of the two-step WIMP signal, leading to additional strong gains in sensitivity.
I. INTRODUCTION
Searches for Dark Matter (DM) in underground lab-
oratories over the past two decades have concentrated,
for good reasons, on the possibility of direct detection
of weakly interacting massive particles (WIMPs). Such
experiments look for the energy associated with the nu-
clear recoil, E
R
, in collisions of dark matter with the
nuclei of the target material. The experimental observ-
able is then the rate of events as a function of the nu-
clear recoil energy, dR/dE
R
. This quantity is connected
to the microscopic cross-section describing the collision of
WIMPs with the nucleus, naturally classified to be either
of spin-independent or spin-dependent elastic scattering
type (see e.g. [1] for a review).
Besides a rapid expansion of the direct detection pro-
gram, the recent years have been marked by growing
understanding that the DM sector may not necessarily
be the most minimal - indeed, it may contain multiple,
sometimes degenerate, WIMP states, leading to a differ-
ent morphology of the direct detection signal. For ex-
ample, as was emphasized in the original work on inelas-
tic DM (iDM) of Tucker-Smith and Weiner [2], inelastic
transitions to excited WIMP states drastically modify
the characteristics of WIMP-nucleus collisions. In par-
ticular, as the inelastic threshold increases with respect
to the kinetic energy of WIMPs in the galactic halo, the
scattering rate rapidly diminishes. Experiments with dif-
ferent targets may then be sensitive to vastly different
cross-sections.
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Moreover, the structure of the multi-component
WIMP sector can be such that direct detection of dark
matter is more advantageous with the use of underground
detectors designed for other purposes. For example, the
existence of the charged excitation of WIMPs [3] can be
very efficiently searched in the nucleus-WIMP recombi-
nation channel with the 0ν2β decay experiments, that as
a rule are more sensitive to this type of models than the
purposely built direct DM detection experiments [4]. In
this work, we point out that 0ν2β decay experiments, at
least for some models of DM, can be a ”tool of choice”
for detecting the neutral excitations of WIMPs. Such ex-
periments can therefore serve to complement traditional
direct-detection efforts and help ensure that no stone is
left unturned in the search for DM.
The idea of an inelastic transition being a dominant
scattering channel is well-motivated both from known
physical systems such as atoms and nuclei1 as well
as from the underlying theoretical structure. Further-
more, a general argument can be made [2], showing
that pseudo-Dirac WIMP fermions allow for more free-
dom in the choice of the coupling to the SM compared
to the individual Majorana components. Specifically,
vector-current interactions among a multiplet of Majo-
rana fermions are necessarily off-diagonal [8]. As in the
case of atoms and nuclei, the inelastic transition can
be mediated by a single-photon exchange, a possibility
that was recently explored in the magnetic iDM proposal
(MiDM) [9]. Aside from its possible connection to recent
astrophysical anomalies [10–12], the MiDM model forms
a part of a more general line of inquiry into the effects
of the electromagnetic form-factors of DM in direct and
1 Indeed, several recent proposals used the analogy with atoms [5,
6] and nuclei [7] to build explicit models of DM.
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FIG. 1. A schematic of the search proposal. An incoming
WIMP χ scatters in the lead shield (Pb) into the excited
state χ∗. The excited state then travels some distance before
decaying spontaneously inside the detector into a the ground
state χ and a photon. We emphasize that the decay occurs
spontaneously and is independent of the detector material.
indirect searches [13, 14]. The experimentally interesting
parts of parameter space to explore are DM masses on
the order of the electroweak scale, m
χ
∼ 10−103 GeV/c2
or above, and an inelasticity of order the kinetic energy
of the reduced DM-nucleus system, ∼ O(100 keV). A
much larger inelastic threshold would make such colli-
sions kinematically inaccessible in an on-shell process.
Aside from modifying the kinematics of collisions, the
inelasticity implies the existence of an excited state of
DM that leaves the collision site. While the probabil-
ity of it itself interacting again in the detector is en-
tirely negligible, it may decay back to the ground state
through the emission of an x-ray photon which can be
easily detected. Importantly, since DM is much heav-
ier than the transition energy, the line will be essentially
monochromatic. Therefore, it is possible to search for
such a monochromatic line independently of the origi-
nal interaction involving the nuclear recoil as was first
suggested in ref. [15] and later in [9]. In fact, the lead
shield around these detectors forms an ideal target for
such collisions as we propose in this paper. As shown in
Fig. 1, an incident WIMP χ can scatter in the shield and
transition into an excited state, χ∗, which spontaneously
decays at some later time inside the detector. While the
nuclear recoil energy lost by the WIMP in the lead shield
is of course unmonitored, the energy emitted by the de-
excitation can be observed directly by the detector.
Such a search can be easily undertaken without any
specific description of the underlying model or physics
that gives rise to it. Moreover, because the signal arises
from the decay of particles after scattering, it will natu-
rally modulate with the period of a sidereal day, allowing
a definitive separation from background processes. Even
without the following discussion of this paper, searches
for the diurnal modulation of unidentified lines is a nat-
ural - if speculative - search for new physics within these
experiments.
It is the purpose of this paper to spell out the details
of this search proposal and provide the theoretical frame-
work within which one can interpret the experimental
results. It is a novel way to look for dark matter, but
which, importantly, can simply utilize the existing tech-
nology and well-developed experimental apparatus. In
the next section we survey some WIMP models that pos-
sess χ − χ∗ transitions. In section III, we calculate the
scattering rates due to the inelastic up-scattering in the
lead shield, and in section IV we work out the expected
rate of γ de-excitation in the detector. In section V we
present the results of a simulation of such two-step detec-
tion process, and deduce the region of parameter space
of MiDM that can be explored with CUORE-type de-
tectors. The simulation also allows us to address the
question of daily modulations of the signal and propose
a simple non-invasive modifications to the 0ν2β experi-
ments that would enhance such modulations. Section VI
contains our conclusions.
II. MODELS
A. Heuristics
Before discussing a specific model, there are some
heuristic features of any model which can be probed with
this method that can be easily understood. The kinetic
energy available for the collision in the center of mass
frame is 12MNχv
2, where MNχ is the reduced mass of
the WIMP-nucleus system and v is the incoming WIMP
velocity. For very heavy WIMPs this is approximately
1
2mN v
2 and for very light ones it is 12mχv
2. If we take the
escape velocity in the solar neighborhood to be ve = 544
km/s and the Sun’s rotation speed with respect to the
halo to be 220 km/s then the maximum incoming speed
is ≈ 2.5× 10−3 in units of the speed of light. In the case
of a very heavy WIMP scattering against a lead target
the maximum inelastic threshold accessible is therefore
. 650 keV. In the case of a very light WIMP the inelas-
ticity cannot exceed ≈ 3 keV × (m
χ
/ GeV). Thus, only
excited states no heavier than a few hundred keV of the
WIMP itself are kinematically accessible in the labora-
tory.
Given this range of accessible excitation energies, the
decay back to the ground state must be through the emis-
sion of a single photon, a graviton, or two neutrinos2. A
decay into a graviton or neutrinos would be unobservable
in the laboratory. The photon is therefore the only por-
tal through which such de-excitations can be observed.
2 This assumes no new light particles associated with dark matter,
an exciting possibility all by itself, but one which we eschew in
this paper. It also assumes that the excited state actually can
decay, see refs. [16, 17] for the phenomenology of metastable
states of dark matter.
3Moreover, the mass of the WIMP cannot be much lighter
than a GeV or else the de-excitation energy falls below a
keV and is much too soft to be observed. Therefore, since
the WIMP is always much heavier than the de-excitation
energy and moves with v/c ∼ 10−3, the resulting photon
is essentially monochromatic - a feature which greatly
aids its detection.
An exception to the above reasoning is found when the
WIMP is partly made of a long-lived metastable state
as discussed below. In that case the de-excitation en-
ergy may be somewhat larger than the excitation energy,
possibly in the few MeV range. Moreover, decays into
electron-positron pairs may be energetically possible. We
emphasize that these possibilities can in fact be searched
for with the same 0ν2β decay experiments generally en-
visioned in this paper. In fact, de-excitation energies in
the MeV range enjoy a much reduced background and
even decays into electron-positron pairs can be searched
for by utilizing existing techniques to reconstruct back-
ground radiative peaks.
B. Magnetic Inelastic Dark Matter
The considerations above provide a good guide for the
range of WIMP mass and excitation energy that can be
explored with the present proposal. However, they are
insufficient to determine the precise rates and lifetimes
expected. For concreteness, in this paper we will concen-
trate on the MiDM scenario where the WIMP scatters
against matter through a magnetic dipole transition to
an excited state. We comment on a more general model
in the next subsection and discuss the associated param-
eter space of interest. The interaction Lagrangian in the
case of MiDM is
Ldipole =
(µ
χ
2
)
χ¯∗σµνFµνχ+ h.c., (1)
where throughout we use natural units with α = e2/4pi,
and here µ
χ
is the magnetic dipole strength, Fµν is
the electromagnetic field-strength tensor, and σµν =
i[γµ, γν ]/2 is the commutator of two Dirac matrices.
Since WIMPs are heavy particles, the natural measure
of their magnetic moment is the nuclear magneton, that
we define as µN =
√
4piα/(2mp). The WIMP χ and the
excited state χ∗ form a pseudo-Dirac pair with a small
mass splitting m
χ∗ − mχ = δ. The interaction rate in
lead is determined by the differential cross-section [9],
dσ
dE
R
=
dσ
DD
dE
R
+
dσ
DZ
dE
R
, (2)
which is the sum of two contributions: the scattering due
to dipole-dipole interaction between the nucleus and the
WIMP,
dσDD
dE
R
=
16piα2m
N
v2
(µNucleus
e
)2 (µχ
e
)2
(3)
×
(
Sχ + 1
3Sχ
)(
SN + 1
3SN
)
F 2D[ER ];
and the scattering of the WIMP’s dipole against the nu-
cleus’ charge,
dσ
DZ
dE
R
=
4piZ2α2
E
R
(µχ
e
)2 [
1− ER
v2
(
1
2mN
+
1
mχ
)
(4)
− δ
v2
(
1
MNχ
+
δ
2mNER
)](
Sχ + 1
3Sχ
)
F 2[E
R
].
Here, E
R
is the recoil energy of the nucleus in the lab
frame, v is the velocity of the incoming WIMP in that
same frame, Z is the atomic number of the nucleus in
question, m
N
and µNucleus are its mass and magnetic
dipole moment, respectively, MNχ is the reduced mass of
the WIMP-nucleus system, and Sχ = 1/2 and SN are the
spins of the WIMP and nucleus, respectively. Finally,
F 2[E
R
] is the usual electric form-factor and F 2D[ER ] is
the nuclear magnetic dipole form-factor.
The experimental observable relevant to the standard
direct detection experiments, the rate of nuclear recoil
events, is then obtained by averaging of the halo velocity
distribution,
dR
dE
R
= NT
ρχ
m
χ
〈
v
dσ
dE
R
〉
(5)
= NT
ρχ
m
χ
∫
d3vf(~v + ~vo)v
dσ
dE
R
.
Here NT is the number of target nuclei per material mass
and ρχ ≈ 0.3 GeV/cm3 is the mass density of DM near
the Earth, ~v is the velocity of the WIMP in the lab frame,
~vo is the velocity of the local observer with respect to
the halo, and f(v) is the WIMP velocity distribution in
the halo. The differential rate, Eq. (5), can be used to
determine the observability of this scenario in the various
direct-detection experiments.
The original work of ref. [9] on the MiDM scenario
was motivated by the discrepancy between the detection
claims of the DAMA collaboration [18] and the strong ex-
clusions coming from other searches such as CDMS [19–
21] and XENON [22, 23]. It was found that this discrep-
ancy was reconciled in the MiDM scenario resulting in a
much larger rate in NaI crystals due to the large mag-
netic moment of iodine as compared with the other ex-
periments. A WIMP in the mass range of mχ ∼ 70−300
GeV with an inelasticity in the range of δ ∼ 100 − 150
keV and a magnetic moment of µχ ∼ 1 − 3 × 10−3µN
could explain the DAMA observation while staying con-
sistent with the null results of other experiments. Since
then, the new XENON100 results [24, 25], have placed
this scenario under considerable tension since about 20-
30 events are expected in the energy region 30-50 keV
and only a handful were observed. Unfortunately, it is
difficult to ascertain how severe is the tension for various
reasons: there are large uncertainties on the magnetic
dipole form-factor that determines the rate in DAMA;
the WIMP velocity distribution in the halo is not em-
pirically known; the expected energy range of the events
is very different than the usual energy range expected in
4the case of elastic scattering where the experiment is op-
timized; maybe most importantly, the rapid decay of the
excited state in the detector into a monochromatic x-ray
(see Eq. (15 below) will often result in either a double-
scatter event or a higher light yield, both of which would
be vetoed in a search for single-scatter nucleus-WIMP in-
teractions. Moreover, going beyond the DAMA results,
it is interesting to explore the broader parameter space
associated with the MiDM scenario.
In contrast, the experiments we envision in the current
proposal can decisively explore the parameter space rele-
vant for the DAMA results and beyond as well as search
for a more general model as the one we discuss in the
following subsection.
C. Dark Forces and Magnetic Transitions
The possibility that dark matter might be a part of a
larger dark sector with new forces has been widely dis-
cussed in the literature in the recent years [8, 26–28].
In this case, the WIMP is charged under some new vec-
tor boson(s) which is mixed with the Standard Model
through its kinetic term,
Ldark force = iχ¯σ¯µ∂µχ−mχ χ¯χ+ iχ¯∗σ¯µ∂µχ∗ +mχ∗ χ¯∗χ∗
+ g
V
χ¯∗σ¯µV µχ+ gV χ¯σ¯µV
µχ∗
− 14VµνV µν + 12m2V VµV µ
+

2 cos θ
W
VµνB
µν (6)
where Vµ is a new massive vector-boson, Vµν = ∂µVν −
∂νVµ is its field strength, mV is its mass, and gV is the
gauge coupling. Here, Bµν is the field-strength of the
Standard Model hypercharge gauge field and θ
W
is the
weak mixing angle. As is well-known [29], when the ki-
netic term of the vector-boson is diagonalized the mixing
with hypercharge leads to Standard Model matter being
charged under the new force. Thus, it leads to an inter-
action between the WIMP χ and normal mater that can
be searched for, among other things, in direct-detection
experiments (see refs. [30, 31] for a general discussion
of the phenomenology). The differential cross-section in
this case is given by,
dσ
dE
R
=
16piZ2αα
V
2m
N
2m2
V
v2
(7)
This model can naturally be extended to non-abelian
groups and more complicated dark sectors with multiplet
components [8, 32–35].
As was pointed out in ref. [16, 17], when the mass
difference δ = m
χ∗ −mχ is below the electron-positron
pair creation threshold < 2me, the excited state χ
∗ in
such theories is generally very long-lived, easily stable on
cosmological time scales. The presence of such a long-
lived state is both boon and bane for phenomenology
and it is beyond the scope of the present work to explore
its consequences. However, we note that the magnetic
transition discussed in the previous subsection, Eq. (1),
leads to a rapid decay of the excited state. We can thus
consider the general model,
Ldark = Ldark force + Ldipole, (8)
containing interactions with normal matter through both
a magnetic dipole moment as well as new dark forces. In
such hybrid models the scattering rate in lead may be
dominated by the dark force exchange while the lifetime
of the excited state may be dominated by the magnetic
dipole transition.
Another interesting feature of such models is that the
WIMP itself might be the long-lived metastable state
if it is part of a multiplet of states in the dark sector,
connected through a non-abelian force carrier. If the
mass difference between the WIMP and the true ground
state is less than twice the electron mass then this tran-
sition is highly suppressed [16]. It was further shown in
refs. [16, 17] that such a state can have comparable abun-
dance to the actual ground-state and is thus relevant for
direct-detection experiments. It can scatter against nor-
mal matter into the excited state χ∗ through the dark me-
diator as shown in Fig. 2. If the excited state is coupled
to the ground-state through a magnetic dipole it rapidly
decays, emitting a characteristic x-ray. Importantly, the
energy associated with the decay is not the same as the
energy threshold associated with the scattering. Some
concrete models realizing this setup are presented in the
appendix. Rather than explore in detail all these dif-
ferent models, the purpose of this subsection is only to
illustrate the broad range of models the search we pro-
pose in this paper is sensitive to. These models cogently
illustrate that the scattering rate and decay rate may be
uncorrelated. In addition, models with metastable states
motivate searches for transition lines in the MeV range
and not only in the usual 100 keV range. For simplicity,
in the remainder of this paper we will concentrate on the
possibility of the magnetic dipole moment as the only
interaction for which both the scattering rate as well as
the decay rate scale with the interaction strength, µχ .
III. SCATTERING RATE IN LEAD
Normally one is interested in the recoil energy lost
by the WIMP to the nucleus and the associated rate,
Eq. (5). However, in our case we are actually interested
in the recoil of the excited state of the WIMP itself after
the collision and its final decay back to the ground state
through the emission of a photon. This leads to some
changes in the usual formalism, which we now address.
Before we proceed, however, we note that since lead has
a large charge Z = 82, but a small magnetic dipole (only
one isotope, 207Pb with µ(207Hg) = 0.58 in units of nu-
clear magneton µ
N
) we can neglect the contribution to
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FIG. 2. The WIMP, χ, may be part of a multiplet of states
connected through a dark force, V µ. However, if the mass dif-
ference between the WIMP and the true ground state, χground
is smaller than twice the electron mass then the WIMP
is long-lived on cosmological time-scales. Its up-scattering
against normal matter into the excited state, χ∗, is then fol-
lowed by a rapid decay to the ground state through the mag-
netic dipole transition. In this case, the energy threshold as-
sociated with the up-scattering is not the same as the energy
associated with the decay down to the ground state.
the scattering cross-section from the dipole-dipole inter-
action, σ
DD
. For the remainder of this work we will thus
assume that the interaction is dominated by the dipole-
charge scattering, Eq. (4).
The average over the halo velocity distribution is
slightly more involved than usual because we must ex-
press the nuclear recoil in terms of the excited state ki-
netic energy and only then average over the incoming
WIMP velocity. Using conservation of energy in the lab
frame we substitute E
R
= 12mχv
2 − E
χ
− δ in Eq. (4)
including the form-factor. The velocity average can then
be expressed as an integral over the radial component
which must be done numerically,
〈g(v)〉 = 1√
pivov¯
1
Nesc
×

∫ ve+vo
vo−ve dv v g(v)
(
e−(v−vo)
2/v¯2 − e−v2e/v¯2
)
vo > ve, vm < ve − vo
∫ ve−vo
vm
dv v g(v)
(
e−(v−vo)
2/v¯2 − e−(v+vo)2/v¯2
)
+
∫ ve+vo
ve−vo dv v g(v)
(
e−(v−vo)
2/v¯2 − e−v2e/v¯2
)
vo < ve, vm < ve − vo
∫ ve+vo
vm
dv v g(v)
(
e−(v−vo)
2/v¯2 − e−v2e/v¯2
)
ve − vo < vm < ve + vo
0 vo + ve < vm
(9)
where,
Nesc = Erf(ve/v¯)− 2√
pi
ve
v¯
exp(−v2e/v¯2) (10)
and the minimum velocity, vm, is given in terms of the excited WIMP kinetic energy, the nucleus’ and WIMP’s mass,
and the inelasticity,
v2m =
m2
N
+m2
χ
(m
N
−mχ)2
2E
χ
mχ
1 + mN (mN −mχ)(
m2
N
+m2
χ
) δ
Eχ
− 2 mNmχ
m2
N
+m2
χ
√
1 +
m
N
−m
χ
m
N
δ
Eχ
 (11)
We note that the minimum velocity is such that v2m ≥
2δ/MNχ where MNχ ≡ mχmN /(mχ +mN ) is the reduced
mass of the WIMP-Nucleus system, which is expected
from energy conservation in the COM frame. In addition,
from the condition vm < vmax ≡ ve + vo we can derive
the range of the excited state recoil energy spectrum,
Emax/min =
[
m2
χ
+m2
N(
m
χ
+m
N
)2 − m2N(
m
χ
+m
N
)2 2δMNχv2max
± 2M
2
Nχ
mχmN
√
1− 2δ
MNχv2max
]
× 1
2
mχv
2
max (12)
60 200 400 600 8000
1
2
3
4
EΧHkeVL
10
-
4 c
pd
k
eV
k
g
mΧ= 300 GeV
mΧ= 140 GeV
mΧ= 70 GeV
∆= 100 keV
ΜΧ= 0.6 10-2ΜN
FIG. 3. The differential WIMP excitation rate, dR/dEχ as a
function of the excited WIMP energy Eχ for various values
of the WIMP and a fixed value of the dipole moment and
the inelasticity. These values correspond to the benchmarks
presented in ref. [9] which results in good agreement with the
DAMA signal.
The differential WIMP excitation rate is then given by,
dR
dE
χ
= NT
ρχ
m
χ
〈
v
dσ
dE
χ
〉
(13)
= NT
ρχ
m
χ
∫
vm
d3vf(~v + ~vo)v
dσ
dE
χ
.
As usual, the differential rate, dR/dEχ modulates over
the course of the year due to the motion of the Earth
around the Sun [36–38]. However, daily modulations
are much more significant as we discuss in the next sec-
tion. In Fig. 3 we show the unmodulated differential rate
for some illustrative values of the mass, inelasticity, and
magnetic dipole moment of the WIMP. We note that the
rate scales with µ2
χ
.
IV. RATE OF DECAY OF THE EXCITED
WIMP IN THE DETECTOR
The collision rate in the lead shield is of course not
what we are interested in at the end since it itself is not
observed. After the WIMP collides in the shield and
transition into the excited state, it travels some distance
before decaying back to the ground state through the
emission of a single photon of energy δ. We are interested
in the rate of such decays that occur inside the detector
and that is what we set to calculate in this section.
The calculation is straightforward in principle. The
velocity of the outgoing excited WIMP in the lab frame,
~uχ is entirely determined by the incoming WIMP veloc-
ity, ~v, and the angles of scattering in the centre-of-mass
frame, {cos θ, φ}. The incoming velocity is governed by
the velocity distribution in the halo. The polar angle,
cos θ, which is related to the energy of the WIMP in
the lab, E
χ
, is distributed according to the differential
cross-section, dσ/dE
χ
, whereas the azimuthal angle is
uniformly distributed. The outgoing WIMP travels some
distance before decaying at position ~rdec given by
~rdec = ~rcol + ~uχtdec, (14)
where ~rcol is the location of the collision in the lead shield,
and tdec is the decay time which is governed by the life-
time of the excited state [9],
1
τ
=
µ2
χ
δ3
pi
(15)
Convolving all the relevant distributions above and in-
tegrating over the independent variables (incoming ve-
locity, outgoing direction, decay time, etc.), it is possi-
ble to obtain some analytic results for the rate of de-
cays inside the detector3. However, the corresponding
expressions are complicated and the integrals must all be
done numerically. Instead, in this section we present an-
alytic results for the rate under the approximation of an
isotropic emission from the collision site. This approxi-
mation, while entirely unjustified for any given collision
site, gives the correct rate for a spherically symmetric
shield and detector. More generally, it provides a good
estimate for the total event rate even in the more realistic
case of a shield which is not perfectly spherical, yet pro-
vides a 4pi coverage of the detector. In the section that
follows we present the result of a Monte-Carlo simulation
that can be used for a general geometry, treats the kine-
matics exactly, and takes into account the anisotropic
emission from the collision site.
Under the assumption of a shield of uniform density
and isotropic emission following the collision, the dif-
ferential rate of collisions in a volume V resulting in a
WIMP of energy E
χ
moving in the solid-angle Ω is
RPb ≡ d
3R
dV dEχdΩ
=
n
Pb
4pi
dR
dEχ
=
n
Pb
4pi
ρχ
mχ
〈
v
dσ
dEχ
〉
(16)
where n
Pb
is the number of targets available in a unit
volume of lead. Thus, aside from an overall factor of
n
Pb
/4piNT, we can simply use the results of the previ-
ous section, Eq. (13). The experimental observable is of
course the rate of decays inside the detector, which is
generally given by,
R =
∫
dE
χ
∫
dΩ
∫
shield
dV RPb × Pd
(
E
χ
, V,Ω
)
.(17)
Here, Pd
(
Eχ , V,Ω
)
is the probability that the excited
state, which was produced at a volume V in the shield
3 See for example refs. [39–41] for similar manipulations in the
context of direct-detection of dark matter where the analytic
expressions are rather simple.
7with energy E
χ
and angle Ω will arrive at the detector
and decay inside it. Thus the problem neatly separates
into two parts: the differential rate in lead, RPb, which
is governed by the microscopic scattering rate; and Pd,
the probability of the excited state to decay inside the
detector, which is determined by the geometry of the
setup and the lifetime of the excited state. We note that
this separation is only possible because we are ignoring
the directional information associated with the motion
of the lab with respect to the WIMPs in the halo. In-
cluding these effects would require to do the averaging
over the halo velocities for every volume element in the
shield since the result depends on the relative orientation
of this element (with respect to the detector) compared
with the WIMP wind. We address this issue in the next
section using the Monte-Carlo simulation.
The lifetime of the WIMP is given in Eq. (15) above.
In order to gain analytical control over the problem we
model the detector as a sphere of radius ρ with the origin
of the coordinate system in its center. The probability
of the excited state to arrive at the detector and decay
inside it is then
Pdecay = exp
(
− tenter
τ
)
− exp
(
− texit
τ
)
(18)
where tenter (texit) is the time the excited state entered
(exited) the detector after the initial collision. If the
initial collision occurred a distance r away from the centre
of the detector and the excited state was moving at an
angle θ with respect to this direction, then the times are
given by,
texit/enter =
r cos θ ±
√
ρ2 − r2 sin2 θ
vχ
. (19)
The velocity of the excited state is vχ =
√
2E
χ
m
χ∗ and
we note that the maximum angle that would reach the
detector is given by sin θmax = ρ/r.
Using Eqs. (18) and (19) we can explicitly evaluate the
event rate, Eq. (17) for a given spherical geometry. As
an example, in Fig. 4 we show the event rate in a spheri-
cal detector/shield configuration with the same volumes
as those of the CUORICINO and CUORE-0 setups [42].
The actual experimental configuration is of course not
spherical, an issue we address in the next section, but
the figure gives a quick and reasonable estimate for the
expected event rate for different WIMP model param-
eters. Similarly, in Fig. 5 we show the event rate in a
spherical geometry based on the CUORE setup [43]. The
cubical CUORE setup is indeed somewhat closer to being
spherical and we confirmed that these analytic results are
in good agreement with the simulation results presented
in the next section. Using the more precise cubical ge-
ometry of the detector and shield leads to about a 30%
reduction in the rate.
As can be expected, the event rate in the ”CUORE”-
like setup, Fig. 5, is about an order of magnitude larger
than that in the ”CUORICINO”-like setup, Fig. 4. How-
ever, this does not necessarily imply a greater sensitivity
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FIG. 4. The rate (counts per day) as a function of the
WIMP mass for several values of the magnetic dipole mo-
ment. The spherical shield and detector were taken to have
approximately the same volume as those of the CUORE-0
and CUORICINO experiments [42]: the shield was a spheri-
cal shell with outer radius of 61 cm and an inner radius of 35
cm; the spherical detector has a radius of 12 cm. The inner
most shield in the CUORE-0 setup was neglected.
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FIG. 5. The rate (counts per day) as a function of the WIMP
mass for several values of the magnetic dipole moment. The
spherical shield and detector were taken to have the same
volume as those of the CUORE experiment [43]: the outer
shield is modeled as a spherical shell with an outer radius of
118 cm and an inner radius of 93 cm; the inner shield has
an outer radius of 35 cm and an inner radius of 31 cm; the
spherical detector has a radius of 31 cm.
since the total background inside the detector also scales
with its size. A precise evaluation of the sensitivity would
require a detailed knowledge of the energy resolution and
the background level at each energy bin. Independently
of these considerations, the sensitivity can be further in-
creased by considering the temporal shape of the signal.
8V. MONTE-CARLO SIMULATION - DIURNAL
MODULATIONS
The above results provide a good estimate for the num-
ber of events expected and demonstrate the great po-
tential of existing experimental efforts to look for such
phenomenon over a wide range of the relevant parameter
space. However, the angular distribution of the WIMP
leaving the collision site is in fact not isotropic and car-
ries with it useful information which can be utilized to
achieve greater experimental sensitivity. The angle, θ
χ
,
of the outgoing velocity, ~uχ, is defined with respect to
the velocity of the observer in the halo,
uˆχ · vˆo = cos θχ (20)
Intuitively, we expect that when the WIMP is much heav-
ier than the nucleus it should not deviate much from
its original direction. The average incoming direction
is opposite to the direction of the observer in the halo,
〈~v〉 = −~vo. Therefore we expect θχ to peak around pi, as
indeed it does: in Fig. 6 we show the results of a simula-
tion of the velocity averaged differential rate with respect
to both the energy and direction of the excited WIMP,
d2R/dEχd cos θχ , for various choices of the mass and in-
elasticity. The distribution is sharply peaked towards
cos θ
χ
= −1 unless the WIMP is considerably lighter than
the lead nucleus.
The direction of the outgoing excited state is therefore
strongly correlated with the direction of the WIMP wind.
This results in a strong correlation between the geometry
of the experimental setup and the event rate as a func-
tion of time. As the lab rotates diurnally with respect to
the WIMP wind, different parts of the lead shield come
between the WIMP wind and the detector. If the shield
geometry is highly anisotropic then the event rate under-
goes large diurnal modulations. These modulations have
a well-defined characteristic shape that depends on the
known geometry of the experimental apparatus.
As is well known, but we reiterate, because the period
of this modulation is that of a sidereal day (23h 56 min),
it can be definitively separated from effects that could
arise with a solar day (24h) period.
Every sensitive 0ν2β decay experiment may detect
previously unidentified/unassigned mono-energetic lines
(see, e.g. Refs. [44, 45] for some recent examples). Since
the value of δ is a completely free parameter for us, such
a background line within a single detector can easily be
confused with a signal. One way to counter this is to com-
pare different detectors, where a true signal would appear
at E = δ and be independent on the levels of background.
However, it is clear that even within a single detector one
can use diurnal modulations to separate presumably con-
stant or very weakly time-dependent backgrounds from
the WIMP de-excitation signal. Thus, the diurnal mod-
ulation present a formidable tool in enhancing the sensi-
tivity of the search.
In order to investigate this effect, we developed a sim-
ple Monte-Carlo simulation based on two experimental
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FIG. 7. Our simulated experimental setup based schemati-
cally on the CUORICINO/CUORE-0 setup [46]. The detec-
tor is a 10× 10× 70 cm3 positioned 10 cm above the bottom
shield. It is surrounded by an inner lateral shield of 1.2 cm
thick layer of Roman lead (not depicted). We neglect the
small additional upper shield present directly above the de-
tector as it contributes very little to the total rate. The outer
shield is 20 cm thick and modeled as depicted. On the right we
depict our proposed additional lead shield, 40× 80× 200 cm3
facing north, which as discussed in the text, greatly increases
the overall rate and diurnal modulations. Diagram is not
drawn to scale.
setups. The first, shown in Fig. 7, is schematically based
on the past CUORICINO [46] experiment and the present
CUORE-0 [47] setup. The second, shown in Fig. 8, is
based on the planned CUORE experimental setup as pre-
sented in Fig. 9 of ref. [43]. In the following we discuss
each case separately and present the expected rates and
temporal modulations for each setup. However, we em-
phasize that while the CUORE experiments are particu-
larly well-suited for our purpose, other experiments based
on different detection techniques and materials can simi-
larly be used to search for this phenomenon. Indeed, our
simulation relied only on the geometry of the lead shield
and detector, but not on the specific detection technique
used by the experiment (except to assume that x-rays
can be observed with sufficient fidelity).
We begin with the first setup based on the
CUORICINO/CUORE-0 experiments shown in Fig. 7.
This setup has a strong asymmetry between the hori-
zontal and vertical directions and one can expect strong
diurnal modulations. However, for excited WIMPs with
a very short lifetime only the geometry of the shield di-
rectly next to the detector matters and in that case the
asymmetry is reduced since the different directions are
Sin
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150 cm
15
0
cm
Sup
50 cm
50
cm
FIG. 8. Schematics of our simulated experimental setup based
on the CUORE setup shown in Fig. 9 of ref. [43]. The detector
is a 50 × 50 × 50 cm3 cube surrounded by the inner shield,
Sin - a 3 cm thick layer of Roman lead. We model the outer
shield, Sout, as a cube with an inner length of 1.5 meters and
a thickness of 20 cm with the detector in its center. This is
not precise, but sufficient for the purpose of this paper. The
additional upper shield present directly on top of the upper
face of the detector has an area of 40× 40 cm2 and is 17 cm
thick. This asymmetric configuration enhances the diurnal
modulations as discussed in the text. Diagram is not drawn
to scale.
not too dissimilar. This can be seen in Fig. 9 where we
show the total rate expected as well as the fractional
modulation against the hour of the day, for different val-
ues of the magnetic moment of the WIMP, µχ (which
in turn controls the lifetime through Eq. (15)). The
hour is defined with respect to Greenwhich apparent side-
real time (GAST), which is related to the local apparent
sidereal time in the lab through tlab = tGAST + llab/15
where llab = 13.7
o is the longitude of Gran-Sasso lab
(more details on the different time frames can be found
in ref. [48]). As expected, the overall rate is lower for
lower values of the magnetic moment since fewer colli-
sions occur in the shield. On the other hand, the di-
urnal modulations are large, ∼ 30%, for smaller values
of the magnetic moment as the lifetime becomes longer.
In Fig. 10 we again show the total expected hourly rate
as well as the modulations, but for different choice of the
WIMP’s mass and a fixed value of the magnetic moment.
As can be expected, while the overall rate is somewhat
sensitive to the mass the modulations are not.
Both the overall rate as well as the modulation frac-
tion can be enhanced in the present CUORE-0 exper-
iment with an additional external shield. Ideally, the
additional shield should be made as large as possible,
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FIG. 9. In the upper pane we plot the number of counts per
hour in CUORICINO/CUORE-0, Fig. 7, against the GAST
hour of the day for various choices of the dipole moment. In
the lower pane, we show the expected diurnal modulations
by plotting the hourly rate divided by the average rate for
the same parameters. The lifetimes corresponding to µχ =
(0.3, 0.6, 0.9)× 10−2 µN are (1.0, 2.2, 9.0) µs, respectively.
placed as close as possible to the detector, and designed
to complement the anisotropies of the existing geome-
try to enhance both the rate and modulation fraction for
long as well as short lifetimes. While such a shield can
certainly be designed for any given experiment, any such
extra shielding is likely to be constrained by the exist-
ing setup (and purpose) of the experiment. Therefore,
in Fig. 7 we propose a simple addition in the form of a
large external shield facing north and placed directly ad-
jacent to the existing external shield. In Fig. 11 we plot
the total rate of excited state decays in the detector as
well as the diurnal modulation fraction. The total rate
is increased by about 30% as compared to the regular
setup. More importantly, the modulations fraction are
now large even in the case of a short lifetime of the ex-
cited WIMP. On the other hand, since the extra northern
facing shield causes an increased rate in the early hours,
it destructively interferes with the modulations expected
in the case of long lifetimes. Thus, a possibly better
addition would be an extra shield positioned directly un-
derneath the detector, which would nicely complement
the existing anisotropy of the apparatus.
Next we consider the second setup based on the
planned CUORE experiment, Fig. 8. The cubical detec-
tor is surrounded by an inner lateral shield and a large
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FIG. 10. Same as Fig. 9, but for various choices of the
WIMP’s mass.
external shield. This configuration is fairly isotropic and
does not lead to large diurnal modulations. However, an
additional shield is placed on the top face of the detector
and results in sizable fractional modulations of ∼ 15%.
This is shown in Fig. 13 where we plot the expected
hourly rate of excited WIMPs decaying inside the detec-
tor alongside the fractional modulations. We note that
the overall rate is increased by about an order of mag-
nitude as compared with the CUORICINO/CUORE-0
experiments, as was anticipated in the previous section.
In this case the modulations are in fact somewhat di-
minished for WIMPs with a longer lifetime since more
of the, approximately isotropic, outer shield contributes
to the signal. In Fig. 14 we compare the total rate and
modulations for various choices of the WIMP’s mass. As
before, while the total rate is sensitive to the mass, the
modulation is not.
VI. CONCLUSIONS
In this paper we proposed a new search for WIMPs
with a nearby excited state that can be done with exist-
ing experiments. The inelastic collision of a WIMP with
the lead nuclei inside the ubiquitous lead shield present in
experiments results in an excited WIMP state which sub-
sequently decays via a single photon emission in the de-
tector. Such decays would be seen as monochromatic x-
ray line corresponding to the excited state energy. While
the precise sensitivity depends on the detector resolution
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FIG. 11. In the upper pane we plot the number of counts per
hour in CUORICINO/CUORE-0 with the additional north-
ern shield, Fig. 7, against the GAST hour of the day for vari-
ous choices of the dipole moment. In the lower pane, we show
the expected diurnal modulations by plotting the hourly rate
divided by the average rate for the same parameters.
and background level at every energy bin, we showed
that it can be greatly enhanced by utilizing the expected
sidereal daily modulations of the signal. The direction
of the excited state leaving the collision site is strongly
correlated with the direction of the laboratory with re-
spect to the WIMP wind. Thus, the daily rotation of the
Earth together with the anisotropy of the experimental
apparatus (shield and detector) leads to a strong diurnal
modulations with a characteristic signature.
We emphasize that while the interpretation of such a
modulation (or the constraints arising from its absence)
can be very model-dependent, the discovery of such side-
real daily modulations would definitively indicate the ex-
istence of dark matter. Given the relatively low cost to
implement such a search, it seems a natural component
of any experiment with high γ-energy resolution going
forward. In fact, considering how little we know about
the nature of dark matter, it seems prudent to look for
solar daily modulations just as well as for sidereal ones,
although the distinction can only be made with large
statistics.
We have examined in detail the total rate and modula-
tions expected in the CUORICINO and CUORE-0 exper-
iments as well as the planned CUORE setup. Large parts
of the parameter space (the WIMP mass, the excited
state energy, and the cross-section) can be efficiently ex-
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FIG. 12. Same as Fig. 11, but for various choices of the
WIMP’s mass.
plored. While our analysis concentrated on the CUORE
setups, we emphasize that this search can be done by
other experiments with high-resolution x-ray detectors
such as CoGeNT [49]. In fact, a comparison of this mea-
surement between different detectors, e.g. a tellurium-
based versus germanium-based, can help to discriminate
signal (which is detector independent) from possibly con-
fusing nuclear lines (which are detector dependent).
We also showed that an extra shield, strategically
placed, can easily enhance the modulation fraction to
∼ O(30%). Importantly, while the precise amount by
which the modulation can be increased depends on the
lifetime, the detailed geometry, the proximity of the ex-
tra shield to the detector, and the amount of extra shield
used, it can nevertheless be optimized given a particular
experimental setup. Finally, we note that in case of a
positive detection it will be possible to extract the life-
time with a careful placement of the shield at different
distances from the detector.
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Appendix A: Three-level systems
A concrete field theory realization of the three-level
system shown in Fig. 2 is not hard to find. One example,
involving an SU(2) dark gauge group, was presented in
ref. [16]. The gauge-group is broken at around a GeV and
the WIMP, χi, which transforms as a triplet of that group
receives radiative corrections that split the mass of the
three states, χ1,2,3 in such a way as to allow the identifica-
tion of χ3 with the ground state, χ2 with the metastable
state, and χ1 as the excited state. The broken gauge-
group is weakly mixed with the Standard Model hyper-
charge as in the Lagrangian above - Eq. (6). Therefore,
the transition from the metastable state to the excited
state through a dark vector-boson exchange against the
nucleus is possible. To realize the de-excitation through
the magnetic dipole transition, this model should be sup-
plemented with the following interaction terms,
Ldipole = c1
Λ2
ijkφiχjσµνF
µνχk
+
c2
Λ2
ijkφ
′
iχjσµνF
µνχk (A-1)
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FIG. 14. Same as Fig. 13, but for various choices of the
WIMP’s mass.
where c1,2 are some unknown dimensionless numbers, ijk
is the antisymmetric tensor of SU(2), and the scalar fields
φ and φ′ receive a vacuum expectation value that breaks
the dark SU(2) completely: 〈φ3〉 6= 0 and 〈φ′2〉 6= 0. This
generates transitions only between χ1 − χ2 and χ1 − χ3,
thus maintaining the metastability of χ2. Higher dimen-
sional operators ultimately induce a transition between
χ2 − χ3, but the associated rate can be sufficiently slow
to allow χ2 to be metastable on cosmological time-scales.
The three levels shown in Fig. 2 may also be the result
of an atomic-like structure for dark matter [5, 6]. For ex-
ample, the 2S state in muonic hydrogen is metastable
since the direct decay to the 1S ground state is re-
stricted by conservation of angular moment to proceed
only through a two-photon emission. On the other hand,
the 2S state enjoys a single photon transition to the ex-
cited 2P state, which is followed by a rapid decay to the
1S ground state.
Finally, this setup can be realized with dark vector-
bosons which are weakly mixed with the SM hypercharge
as in Eq. (6). We consider a case where the mass of the
vector-boson is such that the decay from the metastable
state to the ground states through an on-shell vector-
boson is kinematically forbidden. If the mass splitting
is smaller than the pair production threshold, 2me, then
the lifetime of this state becomes cosmologically long [16].
The decay from the excited state down to the ground
state through an on-shell vector-boson might still be al-
lowed (this requires a tuning in the mass of the vector
boson as compared with the energy difference of the three
13
states). This configuration will result in a cosmologically
long-lived metastable state which can scatter against the
nucleus into the excited state through a dark vector-
boson exchange. The excited state then decays down to
the ground state through an on-shell dark vector-boson.
The dark vector-boson itself is unstable and decays into
an electron-positron pair. The lifetime of this decay de-
pends on the kinetic mixing parameter ( in Eq. (6)), and
is given by,
ΓV→e+e− =
α2
3
mV
(
1− 4m
2
e
m2V
)1/2(
1 +
2m2e
m2V
)
(A-2)
If we consider for example mV = 2me + 90 keV and a
transition energy of 2me + 100 keV, then the velocity of
the vector boson is about 0.1 c the typical distance it will
travel before decay is,
d
V
= 20 cm
(
10−5

)2
(A-3)
It is beyond the scope of this paper to study the full pa-
rameter space of this model, however, the phenomenol-
ogy is similar to the one described in the paper even
though the collision and de-excitation both occur through
dark forces and not through a magnetic dipole transi-
tion. The main difference is that the de-excitation re-
sults in an electron-positron pair which reconstructs the
de-excitation energy rather than a single photon.
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